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ABSTRA CT
The Gas Turbine Laboratory (GTL) and the Microsystems Technology
Laboratory (MTL) at the Massachusetts Institute of Technology initiated a joint effort to
develop a series MEMS-based turbine engines and turbogenerators in 1995. This thesis
focuses on two independent research topics: first, the use of hybrid silicon/silicon carbide
structures to extend the operating envelope of the first generation microengine, and
second, a testing technique to measure the toughness of silicon to silicon fusion bonds.
Due to the relatively low strength of Si at high temperatures, the all-silicon
demonstration device does not yet meet the design specifications. The introduction of
limited amounts of SiC in the turbine disc and turbine blades can increase the temperature
tolerance of the rotating structure by 150-200K. A turbine disc with a 30% SiC core, and
hollow turbine blades with a 300pim tall SiC core yield significant improvements in the
microengine performance when compared to the all-silicon baseline design: 30% increase
in compressor pressure ratio and fourfold increase in shaft power output. However, more
aggressive cooling schemes or re-design of the rotating spool is needed for further
improvements. Fabrication of the hybrid structures is compatible with the current
microengine process flow, although some key SiC process steps must be developed
further.
A testing technique has been developed to measure the toughness of Si-Si fusion
bonds using bi-layer interfacial notched specimens in a four point bend fixture. The test
results confirm the trade-off between annealing time and temperature to achieve similar
bond strengths. The experimental results agree with theory and published data.
Subsequent experiments should further investigate the effect of different annealing time,
surface preparation and contacting atmosphere on bond strength. The technique could
also be applied to test bond strength between disimilar materials, for instance silicon and
silicon carbide.
Thesis Supervisor: S. Mark Spearing
Title: Esther and Harold E. Edgerton Associate Professor of Aeronautics and
Astronautics
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CHAPTER 1
MIT MICROENGINE PROJECT
1.1 Introduction
The Gas Turbine Laboratory (GTL) and the Microsystems Technology Laboratory
(MTL) at the Massachusetts Institute of Technology (MIT) are developing a series of
micro-electro-mechanical systems (MEMS)- based turbine engines and turbogenerators.
The prototype engine, scheduled for completion in the Spring of 2000, is a heat engine
made out of six silicon wafers. It has a diameter of 21mm and a thickness of 3.7mm
(Figures 1-1, 1-2 and 1-3).
Starting
Air In Compressor Inlet
Exhaust Turbine Combustor
21 mm 'I
Figure 1-1: Cross-sectional diagram of the microengine demomonstration turbojet. The
device is axisymmetric about the centerline (Courtesy Jon Protz).
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Figure 1-2: 3-D cut-away forward view of the demonstration turbojet (Courtesy Jon
Protz).
outer casing
1.
compressor
turbine
isolated
Figure 1-3: 3-D schematic of the demonstration turbojet, showing radial outflow
compressor and radial inflow turbine (courtesy Jon Protz).
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Ultimately, it is intended that commercial versions of the microengine will be
manufactured in large numbers in parallel using semiconductor fabrication techniques.
Development of the prototype engine is proceeding with the goal of ensuring that the
design is compatible with the aim of mass production. The demonstration engine is
designed to run at 1.2x 106 rpm, generating approximately 11 g of thrust (17W of shaft
power) with a fuel consumption of 16g/hr of hydrogen (Table 1-1) [MIT Microengine].
Thrust 11 g Engine weight 2 g
Fuel burn (H2) 16 g/hr Rotor speed 1.2x10 6 rpm
Turbine inlet 1600 K Exhaust gas 1240 K
temperature (Tt4) temperature
Table 1-1: Summary of the demonstration microengine performance characteristics.
There are several devices that will evolve from this first-generation demonstration
microengine. One is a flight-engine that will be the powerplant for micro aerial vehicles
[Epstein, June 1997]. The heat engine can also be used to generate electrical power via a
turbogenerator. In this configuration, the device could produce more than 50W of
electrical power while consuming 8-9g of hydrocarbon per hour. Given its small size, the
power density of the micro-turbogenerator is more than ten times the power density of
current batteries at competitive costs. This would represent a quantum leap forward in
portable energy sources for handheld devices such as cellular phones, GPS receivers and
laptop computers [Chen, 1999]. In addition, high power densities and the possibility of
11
using tens or hundreds of microengines in parallel will allow for many new applications.
For instance, 1400 of them could levitate a child's skateboard [Epstein, May 1997]!
Work on the microengine started in 1995 and it is expected to continue well into the
2 1't century. There are numerous key issues in the fabrication and operation of the
microengine that demand continuous improvements to achieve the performance goals
stated above. Formidable efforts have been invested in the turbomachinery and fluid
mechanics [Jacobson], [Mehra, December 1998], bearing and rotordynamics [Piekos
1997, 1998], combustion [Waitz], [Mehra, June 1998, 1999], microfabrication [Ayon,
June 1998, November 1998, December 1998, January 1999, June 1999], [Chen,
December 1998], [Ghodssi], [Lin] and materials and structures [Chen, 1998, 1999, June
1999], [Lohner, 1998], [Spearing]. Materials and structures are playing an increasingly
important role, as requirements of the system are pushing the device closer to the
structural and material limits of silicon. An all-silicon microengine is feasible for
demonstration purposes, but significant advancements in the stress and temperature
tolerances of the device are necessary for the final products.
1.2 Material limitations and the introduction of Si/SiC hybrid
structures
Power densities such as those expected from the microengine require combustor exit
temperatures of 1300-1700K and rotor peripheral speeds of 300-600m/s [Epstein, June
1997]. These operating conditions induce high stress levels in the structure, since
centrifugal stress increases quadratically with rim speed. Materials with high specific
12
strength at elevated temperatures are desired. The merit figure for material selection is
therefore or (T)/p, where or (T) is the tensile fracture or yield strength as a function of
temperature and p is the density [Ashby]. Silicon is the material of choice for the initial
microengine because microfabrication techniques for this material are well established.
However, at high temperatures, the strength of silicon drops considerably. Refractory
materials, such as silicon carbide and silicon nitride, are more attractive alternatives. SiC
has been identified as the most promising candidate for use in the near future [Lohner,
1999].
Techniques for microfabricating silicon carbide structures to the degree of precision
needed for the microengine are currently not available. Rather than considering an all-
silicon carbide device, the first part of this thesis analyses the feasibility of introducing
silicon-silicon carbide hybrid structures to increase the engine's performance. The
hypothesis is that local reinforcements of the silicon structure with silicon carbide, using
proven fabrication technologies, can lead to significant improvements without
compromising the fabrication of the microengine. Chapters two and three of this study
focus on the contributions of hybrid turbine discs and turbine blades to the overall
performance of the engine.
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1.3 Silicon-silicon bond strength testing
The initial, demonstration microengine is made out of six individually etched wafers
(Figure 1-4).
r.
~ K.
Fwd. Cap
Fwd. Thrust
Bearing
Compressor
Turbine
Aft Thrust
Bearing
Aft Cap
Front
B
Back
Figure 1-4: Demo engine 6-wafer stack assembly (Courtesy Jon Protz).
These wafers are bonded together through an annealing process at 1400K for one
hour (diffusion bonding). The integrity of these bonds is central to the overall reliability
of the device. It is desirable to reduce the annealing temperature for several reasons. First,
14
there is a running effort parallel to the microengine to produce micro electrical
generators. These devices have metal connectors that can not withstand the high
temperatures associated with the current bonding process. Furthermore, decreasing the
bonding temperature will reduce fabrication cost and complexity of the microengine and
other MEMS devices [Mirza]. In addition, to implement the hybrid structural concept
presented in Section 1.2 Si/SiC wafer bonds are likely to be required. It is anticipated that
an effort will be required to optimize this bonding process.
Experiments are underway to determine the trade-offs between bonding time and
temperature for the bonding of silicon to silicon. The hypothesis is that similar bond
strengths are possible if the contacting is done at lower temperatures but for extended
periods of time. To prove this hypothesis, a reliable method to measure bond strength is
necessary. The second part of this thesis describes the development of a technique based
on bi-layer interfacial-crack specimens in a four point bend test set-up (see Figure 1-5).
applied load P
bi-layer interfacial-
cracked specimen
Figure 1-5: Schematic of the bi-layer interfacial-crack specimen and the four point bend
test fixture.
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1.4 Thesis outline
The present work is divided in two main parts:
1. Assessment of Si/SiC hybrid structures to the performance of the microengine.
Chapter 2 reviews the overall systems considerations for the introduction of
refractory materials. Chapter 3 presents the detailed analysis of the proposed hybrid
structures, their integration in the current fabrication process flow and their
contribution to the device's performance.
2. Development of a testing technique to measure silicon to silicon bond strength.
Chapter 4 is devoted to the explanation of the theoretical background, testing
procedure and preliminary results.
Chapter 5 presents overall conclusions and recommendations for future work.
16
CHAPTER 2
SYSTEM DESIGN CONSIDERATIONS
2.1 Review of current engine performance
The current engine performance is adequate for demonstration and proof-of-concept
purposes, but it does not yet provide sufficient propulsive power for an aircraft or shaft
power for electricity generation. The principal cycle parameters of the current, all-silicon
demo engine are presented in Table 2-1 [MIT Microengine].
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Overall engine performance Mass flow 0.36 g/s
Thrust 0.1 IN (11 grams-force, 17
W shaft power)
Isp 2500s (TSFC= 1.44 g/hr/gf)
Fuel burn 16g/hr of hydrogen
Rotating speed 1.2x10 6 rpm
(3mm turbine radius)
Compressor Pressure ratio 1.8
Efficiency 0.50
Turbine Pressure ratio 1.6
Efficiency 0.77
Inlet temperature Tt4 1600K
Table 2-1: Demo engine cycle parameters
A critical factor affecting the microengine's performance is the large heat flux from
the turbine rotor into the compressor rotor (Figure 2-1). This heat transfer cools down the
turbine to allowable temperatures for the silicon structure. This is necessary because of
the poor strength of silicon at high temperatures. At temperatures above 1000K, the
strength of Si drops an order of magnitude from 1GPa to 1OOMPa [Chen, 1999] (see
Figure 2-2). At the current operating gas temperature of 1600K, the wall temperature in
the silicon turbine would be beyond 1000K if there were no cooling through the
compressor. Given that the maximum stresses in the turbine are on the order of 250MPa,
18
the turbine would most likely fail in the absence of cooling through the compressor [MIT
Microengine].
Tgas= 460K Twall= 900K
Compressor
Turbine
Tgas= 1600K Twall= 950K
Figure 2-1: Schematic of the heat flux from the turbine into the compressor rotor.
10000
0
ca
Silicon
1000
100
carbide
10
600 800 1000 1200 1400 1600 1800
Temperature (K)
Figure 2-2: Strength of silicon and silicon carbide vs temperature (Trends based on
literature data from Pearson 1957, Mura 1996, Castaing 1981, Patel 1963, Huff 1993,
Pickering 1990, Hirai & Sasaki 1991, Chen 1999)
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The demo engine spool (compressor, turbine and shaft) is a geometrically
complicated structure. Each surface of the spool is exposed to a different gas temperature
and is characterized by a different heat transfer coefficient. The flow temperatures are
influenced by the structural temperatures. The result is a coupled structures-fluids
problem. A simple one-dimensional model was developed to perform parametric studies
[Protz]. This model uses bulk heat transfer coefficients for the turbine and compressor.
Both structures are considered isothermal. A linear thermal gradient is assumed in the
shaft connecting the turbine to the compressor. The fluids/thermodynamics problem is
solved simultaneously with the thermal/structure problem (See Appendix A).
The 1D model was used to quantify the effect of heat transfer from the turbine into
the compressor. This heat flux has a detrimental effect on the compressor pressure ratio
and efficiency, as can be seen in Table 2-2. The quantity A/A* denotes the ratio of the
turbine area in contact with the compressor area (See Figure 2-3). Given a fixed distance,
this area ratio controls the heat transfer from the turbine into the compressor. A value of
A/A*=l means that the turbine is in full contact with the compressor (shaftless design).
4 mm
Compressor \ \ 400 pm
+200 pm 300 pm
Area A Area A*
Turbine 500
4400
3 mm
Figure 2-3: Schematic of rotating spool.
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Effect of heat transfer into the compressor on the overall engine performance
2.2 Microengine performance improvement
A clear option to improve the microengine's performance is to reduce the heat
transfer into the compressor. However, there are two main concerns with this approach.
Decreasing the heat transfer means that the turbine wall temperature will increase beyond
the material capabilities of silicon. In addition, a thermal barrier must be created between
the two rotors. Simply reducing the contact area might not be possible given the small
A/A* ratios suggested by Table 2-2.
The task of decreasing the heat transfer into the compressor can thus be divided in
two parts:
1) design a turbine rotor that can tolerate higher temperatures
2) thermally isolate the turbine from the compressor rotor
21
A/A* Turbine Heat flux into Compressor Compressor Power output
Twall the pressure ratio efficiency (turboshaft)
compressor
K W W
1.0% 1320 15 2.28 0.55 21.27
2.5% 1200 22 2.125 0.525 16.83
3.0% 1160 25 1.93 0.52 13.59
5.0% 1100 28 1.9 0.503 11.75
10.0% 1010 35 1.75 0.485 7.94
100.0% 988 42 1.6 0.46 3.87
Table 2-2:
High temperature structures:
In order to increase the temperature capabilities of the current structure, a material
with a better strength retention at temperature than silicon, such as silicon carbide, is
required. However, given the current state of microfabrication technology, silicon is the
only material available to produce the microengine to design specifications.
Even though fabrication of the microengine out of silicon carbide is not yet possible,
it is conceivable to locally reinforce the silicon structure with SiC to improve its
temperature tolerance. This thesis analyzes the potential of hybrid silicon and silicon
carbide structures to increase the operating temperature of the microengine spool.
Thermal isolation of the turbine and compressor
This is an important topic that must be analyzed to ensure a real improvement in the
device's performance. However, a detailed consideration of this topic escapes the scope
of the study presented herein. It will be considered when making recommendations for
future work.
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CHAPTER 3
HYBRID STRUCTURES DESIGN
3.1 Introduction
The current demonstration engine has a maximum allowable operating rotational
speed of 1.2x 106 rpm and a maximum allowable wall temperature of 988K. These limits
have been set by the material properties of silicon [Chen, 1999]. If these parameters are
exceeded the stresses in the structure would exceed the yield strength of silicon, leading
to catastrophic failure.
As explained in Section 2.1, the main concern with silicon is its rapid loss of yield
strength as a function of temperature beyond 900K. The introduction of a second material
with sufficient strength at these temperatures might guarantee the structural integrity even
if the Si has yielded. The candidate material for the reinforcements is silicon carbide
[Lohner, 1999], which maintains its yield strength over the temperature range of interest
(see Figure 2-2). Even when Si has deformed plastically, it retains some strength which,
if coupled to limited amounts of SiC, might be sufficient to maintain the structural
integrity. The current state of microfabrication technology does not allow for an all-SiC
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spool, but this material could be placed in strategic locations to locally reinforce the
structure.
The spool, i.e. the rotating structure composed of the turbine and compressor rotors,
is structurally the critical part of the entire engine [Chen, 1999]. Within the spool, the
turbine rotor is the most critical part. It experiences the highest mechanical stresses
(approximately 250MPa at the blade roots) and highest temperatures (988K).
The turbine can be divided into two main components for ease of analysis: the
turbine disc and the turbine blades. The following analysis determines what amount of
SiC is needed to allow the turbine to run at higher temperatures. The disc will be studied
first, because it has a simpler geometry that allows for analytical solutions. In addition,
this simpler geometry is convenient to develop the elastic-plastic material model that will
also be applied to the turbine blades, which will be discussed afterwards. Next, the
contribution of hybrid structures to overall engine performance will be presented. This
chapter closes with some notes on thermal isolation between the compressor and turbine
rotors and a schematic of the fabrication process.
3.2 SiC reinforced turbine disc
This section covers the analysis for the turbine disc. First, the analytical results for
an all-silicon disc will be presented. Next, the finite element (FE) study for the hybrid
Si/SiC is explained. This second calculation includes an elastic-plastic material model for
silicon.
24
3.2.1 Hybrid disc theoretical model
Analytical models derived from elementary solid mechanics and assuming elastic
material behavior can give a useful insight into the physics of the real situation. The
turbine disc can be modeled as a circular flat disk of radius b and composed of an
isotropic and homogenous material, as shown in Figure 3-1:
(0
Figure 3-1: Flat circular disk model
The hoop and radial stresses on a flat disk rotating at an angular velocity o are given
by [Timoshenko]:
3+v , 1+3v 2 2
o-, = pc 2 (b2 - r-)- p~r8 8
- = C 3+v (b2 -r2)8
where: v = Poisson's ratio
p = density
r = radius
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(3.1)
(3.2)
The maximum stress occurs at the center of the disc (r = 0):
Oax = 3+vp b (3.3)
8
The maximum stress for the baseline silicon turbine disc (p=2.33x1 03 kg/m 3, v=0.27,
rturine= 3 mm), operating at the nominal angular velocity co=1.2x106 rpm, is 134 MPa.
The analytical solution is not suitable for elastic-plastic materials. In order to study
the hybrid silicon/silicon carbide structure and its temperature dependence, it is necessary
to turn to finite element methods. The above result is useful to give an idea of the scale of
the stresses likely to be found in the structure and to calibrate the FE model.
3.2.2 Hybrid disc finite element analysis
First, the geometry, material properties and loading conditions for the finite element
analysis are explained. The model for the material properties is important not only for the
turbine disc analysis but also for the turbine blades. It will be discussed here in full detail.
Next, the results of the FE calculations will be presented.
a) Geometry:
The model represents a flat disc of r =3mm and thickness t = 0.7mm. These represent
typical dimensions of the rotor designs under considerations. It consists of three layers,
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the top and bottom are silicon and the core is silicon carbide. The thickness of the SiC
layer can be varied to achieve different Si/SiC thickness ratios (see Figure 3-2)
c~?-1Th(i)
Si
SiC
Si
t = 0.7mm 4 0
r = 3mm
Figure 3-2: Basic geometry for the FE model. The top and bottom layers are silicon, and
the core is silicon carbide.
The geometric model and the FE mesh were created with I-DEASTM , a commercial
drafting package. The model has six hundred CAX8 eight node axisymmetric type
elements (Figure 3-3). The calculations were performed with ABAQUS STANDARDTM,
a commercial finite element package.
1$
Figure 3-3: Axisymmetric FE mesh for the turbine disc.
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b) Material properties and temperature range:
Silicon:
An elastic-plastic model was used for silicon. Under this assumption, Si deforms
elastically (i.e. at a constant rate equal to the Young's modulus, Esi) until it reaches a
certain stress ayieid. Beyond this stress level, it will deform plastically (Figure 3-4).
elastic region plastic region
Strain
Figure 3-4: Schematic of the elastic-plastic material model for Si.
Data shows that both Esi and ayield are functions of temperature [Chen, 1999]. As a
first order approximation, this dependence on temperature was assumed linear. Linear
regression of the available information produced the curves shown in Figures 3-5 and
3-6.
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Figure 3-5: ayietd vs Temperature (Trend based on data by Chen, 1999).
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Figure 3-6: Esi vs Temperature (Trend based on data by Chen, 1999)
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According to Figure 3-5, there is a unique value of 0 yield for each temperature.
Consequently, specifying a value for ayield is equivalent to specifying a maximum
temperature that the material can withstand before deforming plastically. Therefore, the
stress-strain curves for the elastic-plastic analysis (Figure 3-4) are also a representation of
the maximum temperature allowed in the material. For example, if a value of ayiea =:
90MPa is specified as the maximum stress before the onset of plasticity, it is equivalent
to saying that the material must be maintained at a temperature of 1100K or less (see
Table 3-1).
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Oyield (MPa) Temperature (K)
500 470
400 625
300 775
200 925
175 975
150 1000
125 1050
100 1075
90 1100
80 1125
70 1130
60 1150
50 1160
40 1175
30 1190
20 1200
10 1220
Table 3-1: Correlation between yyield and Temperature
According to table 3-1, the strength of Si is negligible at temperatures above 1220K.
This was defined to be the upper boundary of the temperature range for the FE analysis.
An average value of Esi=130GPa and a density of 2.33x10 3 kg/m 3 were used throughout.
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Based on available data [Chen, 1999] and the above considerations, the following
elastic plastic stress-strain family of curves was prepared (Figure 3-7).
100 --
902
80
70
60 - -1240K
-1220K
50- -- 1200K
Cn~1 190K:
--- -1160K
S4-0
30
20 - -- -- -- -- -- -- -- -- - -- - -- -- --
10
0-
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Strain (x 10A-3)
Figure 3-7: Elastic-plastic model for silicon for varying temperatures (Note: below
900K, the onset of plasticity is assumed beyond strains of 4x10 3 ).
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Silicon Carbide:
Given its high melting point (2400K) and its strength at temperatures above 1000K
(Figure 2-2), SiC was assumed to behave elastically across the entire temperature range
considered here [300K - 1220K]. The following material properties were used for SiC':
Esic=470GPa, psic=3.2x103 kg/m3 .
c) Loading conditions:
The disc was assumed spinning at a constant angular speed o. Two cases were
considered:
a) o= 125.000 rad/s (1.2 x10 6 rpm)
b) (o= 167.000 rad/s (1.6x10 6 rpm)
Case a) corresponds to the nominal microengine angular speed. The second case is an
increase of 25% in co. A disc radius of 3mm was assumed throughout.
3.2.3 Hybrid disc results
The following two figures (Figures 3-8 and 3-9) show the third principal (maximum
tensile) stress in the SiC core as a function of temperature and percentage thickness of the
' These values are for CVD silicon carbide and were provided by Morton Advanced Materials
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SiC core. It is assumed that silicon has yielded and has marginal load carrying capability.
Therefore, the majority of the stresses have to be carried by the SiC disc. Since SiC
remains elastic in the temperature range considered, the structural integrity of the hybrid
disc depends on the fracture strength of silicon carbide. If the silicon deforms beyond its
material limits, it bursts and the FEM does not converge to a solution. In this case, it is
assumed that the structure has failed.
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Figure 3-8: Maximum tensile stress in SiC as a function of temperature and percentage
thickness of the SiC core (Case a: o= 1.2x106 rpm). The fracture stress of SiC is on the
order of 650 -700 MPa [Lohner, 1999].
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Figure 3-9: Maximum tensile stress in SiC as a function of temperature and percentage
thickness of the SiC core (Case b: o= 1.6x 106 rpm).
The results shown in Figure 3-8 indicate that for a 10% SiC core the structure can
withstand temperatures of up to 1130K for the nominal microengine speed of 1.2x 106
rpm. This implies a 140K increase from the current maximum allowable wall temperature
of 988K (Table 3-2). A 30% SiC core allows a maximum wall temperature of 1190K,
corresponding to a 200K increase over the base case. For the case pictured in Figure 3-9
(o= 1.6x 106 rpm), a minimum 30% SiC core is required for a maximum allowed
temperature of 1160K.
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Angular % SiC SiC Max. Increase Max. SiC Max.
Speed thickness Temp. w.r.t. stress radial
base case (SP3) deflection
rpm pLm K K MPa Im
1.2x10 6  10 70 1130 140 625 1.66
1.2x10 6  30 210 1190 200 415 1.39
1.6x106 30 210 1130 140 680 4
Table 3-2: Summary of hybrid disc results
The maximum strains are under 2.2x10 3 and the maximum radial deflection for the
most extreme case (1.6x10 6 rpm, 1130K) is on the order of 4pm. These are small
compared to the disc diameter (6mm) and the journal bearing gap (15tm). Therefore,
radial deflection is not a critical consideration. However, this simple model does not
account for creep of the silicon, which might induce larger deformation that could close
the bearing gap during prolonged operation.
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3.3 Hybrid blades
The following discussion presents the analysis of the Si/SiC hybrid turbine blade.
This is a first order study of the contributions of silicon carbide reinforcements towards
the structural integrity of the existing blade geometry during normal operating conditions
rather than being an exhaustive study of the optimal geometries and configurations.
However, these results are expected to provide guidance for future iterations on the
design. First, the theoretical background will be presented. Next, the FE simulation and
results will be explained.
3.3.1 Hybrid blades theoretical analysis:
The general shape of a turbine blade and its placement on the turbine disc are shown
in Figure 3-10. The chord is 1000tm long and its width varies from 47ptm at the trailing
edge to 165tm at %4 chord length. In the current design, the turbine blades are 400pm tall,
but in this analysis 500pim tall blades are considered. The hybrid blade is assumed to
have a core of silicon carbide embedded in the silicon, with a resulting silicon wall
thickness of 40[tm (Figure 3-10). The height of the SiC core can be varied from 0 to
500ptm.
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40 Pm -+
core
500ptm
blade cross-section
Figure 3-10: Schematic of the hybrid turbine blade and its placement relative to the
turbine disc.
There are other possibilities for reinforcing the silicon structure. For instance, having
discrete posts along the chord instead of a continuous lump of SiC, as shown above. The
latter configuration is preferred from a microfabrication standpoint, because it has a
smaller aspect ratio than the discrete case. The orifices for the posts would have to be
500ptm deep and only a few tens of microns in diameter. Another possible variation is to
change the size of the SiC core to achieve different silicon wall thickness. However, the
focus of this analysis is to gain a first order understanding of the contributions of a SiC
reinforcement. The effect of the silicon wall thickness should be investigated in a
subsequent, more detailed analysis.
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In order to understand the basic trades involved in the analytical study, it is useful to
consider the blade as a cantilevered rectangular composite beam subjected to bending
loads (Figure 3-11):
Si
Sic h
S i
b
Figure 3-11: Simple cantilevered composite beam.
The stresses in the structure are given by [Timoshenko]:
M -y -Ei
asic = ECS±E5, (3.4)
Esic'-Isic + 2Esi'-Isi
'si - ±2Es' (3.5)Esic -Isic + 2 Esi ' Isi
where,
Esi= Young's Modulus of Si
Esic= Young's Modulus of SiC
Isi= moment of inertia of one Si section
Isic= moment of inertia of SiC section
y- distance from the neutral axis
M= applied moment, proportional to centrifugal load: M a Fcent c material density
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The above formulae give an insight into the effect of the SiC reinforcement on the
blade stresses. Notice that the introduction of SiC has two opposite effects. First, the
higher Young's modulus of SiC compared to Si reduces the stress in the silicon section
by increasing the equivalent stiffness of the structure. For instance, assume a composite
beam with 50% SiC volume fraction. In this case, assuming Esic is double Esi (340 GPa
vs 170 GPa), the equivalent stiffness Dsi/sic becomes:
S [1( bh (3h 2 l bh
Dsulsic = EsicIsic +2Esilsi - b(A)Esic +2 -1b( +- -) Esi =~--Esi12 S 2 4 812 8
In a solid Si beam, the stiffness is given by:
bh3Dsi =- E12 s
Therefore, the higher Esic decreases the stress in the silicon section by 12.5%.
The second effect introduced by the SiC is related to an increase in the bending loads.
The bending moment M is proportional to centrifugal force, which is proportional to the
density of the material. The solid silicon beam has the following mass per unit area, msi :
msi = bhpsi
where,
psi = silicon density
The composite beam with 50% SiC volume fraction has a mass per unit area msi/sic
of:
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bh bh
mslsic = Psi + - psic
where,
psic = silicon carbide density
Assuming, psic ~ 1.3 psi ( 3.2x10 3 kg/rm3 vs 2.4x10 3 kg/m 3 ), msisic becomes:
mssic = 1.1 5bhpsi
Therefore, the composite beam has a 15% increase in equivalent density, which leads
to a 15% increase in bending moment M and bending stress asi when compared to the all-
Si case. As a result, depending on the volume fraction of SiC, it is not clear whether
substituting SiC for Si will lead to a reduction or an increase in the stress state.
Another approach for reinforcing the structure is to hollow out the blade. Removing
material from the all-Si blade or the SiC-reinforced blade will decrease the centrifugal
loading. Partial removal of material from the upper part of the blade core also reduces the
bending moments while providing some extra stiffness at the base of the blade, where the
stresses are largest.
In order to quantify these effects and gain a better understanding of the consequences
for the actual blade geometry, a finite element model was created using the basic
geometry shown in Figure 3-10. The details of this simulation are presented in the next
section.
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3.3.2 Hybrid blade FE simulation
a) Geometry
The finite element model was created with PATRANT , a commercially available
package. The model consists of several hundred C3D8 linear solid elements (see Figure
3-12). The height of the inner core can be varied. The computational results were
obtained with ABAQUS STANDARDTI.
Figure 3-12: FE model for the hybrid blade.
b) Material properties and temperature range
This analysis considers the same material models for silicon and silicon carbide
developed for the hybrid disc. Furthermore, it considers two cases:
i)
ii)
all-silicon hollow blade with varying height of inner core
hybrid Si/SiC hollow blade with varying height of inner core
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c) Loading conditions
The blade was assumed to be spinning at nominal operating angular speed (1.2x 10 rpm).
The blade tip is at a radius of 2.5mm (see Figure 3-10).
3.3.3 Hybrid blades FE results
The maximum stresses (Mises) in the all-silicon blade (case i) as a function of
temperature and height of the silicon core are presented in Figure 3-13. At elevated
temperatures, silicon becomes ductile and therefore the failure criteria should be the
maximum mises stress and not the maximum tensile stress, as for silicon carbide. Figure
3-17 presents the maximum stresses (third principal stress) in the silicon carbide core
(case ii) also as a function of temperature and height of the silicon carbide core.
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Figure 3-13: Maximum stresses in the all-silicon hollow blade.
At temperatures below 470K, silicon maintains its mechanical strength. The
maximum stresses are at the blade roots, concentrated mostly at the trailing edge and the
leading edge (See Figure 3-14). As temperature increases, Si starts to deform plastically
and its load carrying capability recedes. Locally, silicon can not withstand stresses as
high as before. The stress state shifts from one of stress concentrations and relatively
unloaded regions (Figures 3-14 and 3-15) to one of more uniformly stributed
intermediate stress levels (Figure 3-16). At high temperatures, the silicon blade
experiences smaller maximum stress, but the stress distribution throughout the blade is
higher than at low temperatures.
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Figure 3-14: Stress distribution on the bottom of an all-Silicon blade with 200p.m core at
low temperatures (<470K). Stresses in MPa.
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Figure 3-15: Stress distribution on the bottom of an all-Silicon blade with 200pm core at
intermediate temperatures (T = 1050K). Stresses in MPa.
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Figure 3-16: Stress distribution on the bottom of an all-Silicon blade with 200pm core at
1160K. Notice the smaller high-stress concentration regions and the generally higher
stress state throughout the structure. Stresses in MPa.
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Figure 3-17: Maximum stress in the silicon carbide core (case ii).
At temperatures below 1100K, silicon still has some load carrying capability. Above
1100K, it starts to deform plastically and it gradually looses strength. Consequently, the
stresses due to the centrifugal loading are increasingly being carried by the SiC core
(Figure 3-17).
The stress levels in both cases are within the material capabilities of the structure. In
the all-silicon case, the elastic-plastic model precludes the existence of stresses beyond
those specified at the onset of plasticity. Consequently, once the yield stress is reached,
the structure will deform plastically and the stress will not increase. As temperature
increases, the deformations can become very large, leading to failure of the structure. In
the case of the hybrid structure, the silicon carbide core provides extra stiffness and
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carries most of the load. The maximum stresses are below 350 MPa, considerably lower
than the assumed ultimate stress for SiC (650MPa). However, the model does not account
for stress concentrations at the blade roots. These must be considered in subsequent
analysis to guarantee the structural integrity of the blades. The increase in stiffening due
to the SiC core reduces the deflection in the hybrid structure when compared to the all-
silicon structure (Figure 3-18).
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Figure 3-18: Comparison of the maximum lateral tip deflection in the all-silicon hollow
blade and the hybrid Si/SiC blade as a function of temperature and core height.
Figure 3-18 shows the maximum deflection in the direction perpendicular to the
chord. For all cases, the deformations in this direction are the maximum deflections.
Several observations can be extracted from the graph in Figure 3-18:
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1) The deflections in the hybrid blade are less than in the all-silicon blade for the same
temperature and core height.
2) The maximum allowable temperature for the all-silicon case is 1160K; for the hybrid
blade is 1220K.
3) There is a compromise between core height and the resulting stresses (or
deformations, as in this case). There is an optimum core height at which the
deflections are minimized. For both the all-silicon and the Si/SiC, this height is
400um.
The stresses in the all-silicon blade at 1160K show a different trend. Here, the
stresses increase with core height. At 1160K the silicon has very little load carrying
capability remaining. Therefore, the increase in bending moment due to the extra mass is
larger than the increase in stiffness. Consequently, the deflection is maximum with a
300pm core.
4) According to Figures 3-13 and 3-17, the respective all-Si and Si/SiC hybrid structures
can withstand the stresses associated with the cases presented in Figure 3-18.
Therefore, Figure 3-18 summarizes the results for the hybrid blade analysis.
The following table compares the above results to the base case scenario (all-Si solid
blade) and identifies the best alternatives for improvements in the microengine
performance:
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Case Core Max. Temp. Max. Max. Max.
height Temp. increase Stress Si Stress SiC deflection
w.r.t. base (u22)
case
pm K K MPa MPa pm
Hollow 0-500 1100 110 90 N/a 3.23-0.81
Si
Hollow 200-300 1160 170 50 N/a 2.01-2.99
Si
Si/SiC 300-500 1190 200 30 150-230 1.1-0.7
Si/SiC 500 1220 230 10 290 1.17
Table 3-3: Summary of hybrid blade calculations
The results summarized in the table above suggest two options for improving the
blade design. First, hollowing out the silicon blade increases the allowable temperature.
This option is attractive because it avoids the complications of introducing a second
material. For instance, a hollow all-Si blade with a core of 300ptm can operate at 1160K.
On the other hand, the SiC core increases the allowable temperature range. For a full
height (500pm) SiC core, the maximum temperature is 1220K. However, given the
fabrication complications associated with the introduction of a second material and the
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moderate increase in temperature thereby achieved, the recommendation would be to use
the hollow all-Si turbine blade.
The following points should be kept in mind when analyzing these results:
1) By construction, the model assumes a uniform temperature distribution on the blade.
A thermo-mechanical simulation should be run to verify the temperature distribution
on the blade and identify any hot spots. It is important to ensure that the thin walls
will not rise to temperatures at which the yield stress will decrease significantly
below the values assumed in the analysis presented here.
2) This model predicts deflections on the order of microns at the blade tips. A careful
evaluation of the aerodynamic implications of these deformations is necessary to
quantify any performance penalties.
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3.4 Contribution to engine performance
Based on the results from the hybrid disc and the hybrid blade analysis (Tables 3-2
and 3-3, respectively), it is possible to assess the contribution of the turbine spool to the
overall engine performance. A configuration with a disc with 30% thickness fraction of
SiC and blades with 300pm SiC core could withstand wall temperatures of up to 1200K.
If the proper thermal insulation can be achieved, this configuration would yield a
2.1compressor pressure ratio, compared to PRc=1.6 for the current baseline scenario.
This implies a fourfold increase in shaft power output from 3.9W to 16.8W ( Table 3-4).
Another option would also utilize a disc with 30% SiC thickness fraction but all-
silicon blades with a 300ptm core. This configuration would increase the pressure ratio to
1.9 and yield a shaft power output of 13.6W.
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Table 3-4: Summary
engine performance.
of the contribution of the combined hybrid disc and blade spool to
Even though hybrid structures promise significant improvement in microengine
performance, the device is still short of having a pressure ratio larger than three and of
providing the desired 50W of power output. The limitations on performance lie in the
overall engine design, because even with a hotter spool, the maximum pressure ratio that
can be achieved with the current configuration (hydrogen fuel, maximum gas temperature
of 1600K) is on the order of 2.3 [Protz]. Therefore, from the structural point of view,
hybrid structures can only optimize the current engine design. Further improvements in
performance can not be achieved through developments in materials and structures alone.
A systems level revision is necessary.
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Configuration Max. A/A* Cycle pressure Compressor Shaft
temp. ratio efficiency power
out
K W
Baseline: all-Si 988 100% 1.6 0.46 3.87
Disc: 30% SiC 1200 2.5% 2.125 0.525 16.83
Blade: 300pm SiC
core
Disc: 30% SiC 1160 3.0% 1.93 0.52 13.59
Blade: 300pm Si
core
3.5 Thermal isolation of turbine and compressor
The improvements in engine performance shown above can only be achieved if the
proper thermal insulation between the turbine rotor and compressor rotor exists. Since
most of the heat transfer from turbine to compressor occurs via conduction, a measure of
the required thermal barrier is given by the A/A* contact area ratio. For the chosen hybrid
configurations, this ratio stands between 2.5% and 3.0%. Given a turbine radius of 3mm
(A*=28.27mm 2), this implies a shaft connection with a 0.5 1mm radius (see Figure 3-19)
compressor
journal bearing
shaft
turbine
Figure 3-19: Schematic of shaft configuration to isolate the compressor disc from the
turbine disc.
Another possibility would be to have a thin ring around the turbine disc with a wall
thickness on the order of 30pm. This arrangement would achieve the low area ratio
needed and it would maintain the journal bearing as it is in the current design (Figure
3-20).
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Kjournal bearing
compressor
turbine
-30 pm thickness
Figure 3-20: Thin wall configuration to isolate the compressor and turbine rotors.
3.6 Fabrication
Fabrication sequences to produce the hybrid spool are shown below. Figure 3-21
shows the procedure for the hybrid disc and hollow all Si-blades configuration. Figure
3-22 presents the procedure for the hybrid disc and hybrid blades configuration.
-- ---L--
Planarize and polish
back to Si surface
Bond second half of
turbine disc
Etch hollow
turbine
blades
Etch disc
Deposit
CVD SiC
Bond to
compressor
disc
Si SiC
Figure 3-21: Fabrication sequence for hybrid disc and all-Si hollow blades.
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polish back to
Si surface
Bond to
compressor
disc
Figure 3-22: Fabrication sequence for hybrid disc and hybrid blades.
The microengine fabrication group has developed an impressive expertise in
fabricating the different components for the all-Si device. Many of the steps proposed
above fall within their capabilities. However, there are some critical areas that must still
be developed:
a) CVD SiC deposition: Depositions of more than 50pm are difficult to achieve
due to residual stress. This limits the thickness of the hybrid disc and height of
the SiC core for the hybrid blades. Hyper-Therm Inc., a partner in the MIT
Microengine Project who provides the CVD SiC deposition is actively
working on improving the deposition process to allow higher SiC thicknesses.
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b) SiC planarization: This is a critical step to allow bonding of SiC to Si. Current
efforts done jointly between MIT and Lincoln Laboratories show promising
results.
3.7 Conclusions and recommendations for future work
The following conclusions can be extracted from the work presented thus far:
e Hybrid Si/SiC structures can significantly increase the operating efficiency of the
microengine by increasing the allowable working temperature on the order of 150-
200K. A turbine disc with 30% SiC and hollow turbine blades, with or without SiC,
can increase the compressor pressure ratio by more than 30% from the baseline
scenario. The net power output can be increased four times.
* In order to benefit from the higher working temperatures, the compressor must be
thermally isolated from the turbine. An obvious approach is to introduce a shaft
design to connect the turbine and compressor rotors.
* Further improvements in efficiency are limited not by structural considerations but by
the overall engine design. Specifically, more aggressive cooling schemes (active
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cooling) or re-configuration of other components of the microengine are necessary to
reach the desired high power densities.
The following is recommended for future work:
e A more detailed model is needed to quantify the stresses in the structure.
Specifically, a combined disc and blade simulation must be conducted to analyze
the stress concentrations, especially at the blade roots.
" A parametric study should be carried out to find the optimal amount of SiC for
both the turbine disc and turbine blades
e A thermo-mechanical analysis is needed to investigate the effects of creep and of
thermal concentrations (hot spots).
" Better material properties of both silicon and silicon carbide are needed to model
their behavior, especially at high temperatures.
* Key fabrication steps that must be addressed are CVD SiC deposition in high-
aspect ratio cavities, planarization of SiC and bonding of Si to SiC.
3.8 Summary:
The introduction of limited amounts of SiC in the turbine disc and turbine blades can
increase the temperature tolerance of the rotating structure by 150-200K. A turbine disc
with a 30% SiC core, and hollow turbine blades with a 300ptm tall SiC core can withstand
the higher operating conditions. This temperature increase leads to significant
improvements in the microengine performance when compared to the all-Silicon baseline
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design: 30% increase in compressor pressure ratio and fourfold increase in shaft power
output. However, further performance improvements are hampered by heat flux from the
turbine into the compressor. More aggressive cooling schemes or re-design of the rotating
spool is needed. Fabrication of the hybrid structures is compatible with the current
microengine process flow, although some key process steps must be further developed:
depostion of CVD SiC in high aspect ratio cavities, SiC planarization and SiC/Si
bonding.
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CHAPTER 4
SILICON-SILICON BOND STRENGTH
TESTING
4.1 Motivation
The microengine is made out of six wafers bonded together through an annealing
process at 1400K for one hour (diffusion bonding). The integrity of these bonds is central
to the overall reliability of the device. It is desirable to reduce the annealing temperature
for several reasons. First, there is an effort running in parallel to the microengine to
produce micro electrical generators. These devices have metal connectors that can not
withstand the high temperatures associated with the current bonding process.
Furthermore, decreasing the bonding temperature will reduce fabrication cost and
complexity of the microengine and other MEMS devices [Mirza]. In addition, to
implement the hybrid structural concept presented in Chapter 3, silicon/silicon carbide
wafer bonds are likely to be required. It is anticipated that an effort will be required to
optimize this bonding process.
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Experiments are underway to determine the trade-offs between bonding time and
temperature for bonding of silicon to silicon. Currently, the standard bonds are obtained
through annealing at 1400K for one hour. The hypothesis is that similar bond strengths
are possible if the contacting is done at lower temperatures but for extended periods of
time (see Figure 4-1) [Ayon, September 1999]. To prove this hypothesis, a reliable
method for measuring bond strength is necessary. In addition, it is also of interest to
understand the role of other parameters in the bonding process, such as pressure, surface
roughness and atmosphere.
Bond temperature
strength
time
Figure 4-1: Hypothetical relationship between annealing time, annealing temperature and
bond strength
This chapter describes the development of a Si-Si bond strength testing procedure.
This technique uses bi-layer interfacial notched specimens on a four-point bend fixture.
First, an overview of the silicon to silicon bonding process and the available testing
techniques is presented. It is followed by a detailed explanation of the chosen procedure
and the methodology hereby developed. Next, results are shown and discussed. The
chapter ends with conclusions and recommendations for future work.
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4.2 Overall material review
4.2.1 Fundamentals of Si-Si bonding
There are several wafer bonding techniques that can be used to achieve different
types of bonds. These can be classified as anodic, direct and intermediate-layer bonds
[Mirza, 1998]. The microengine uses direct wafer bonding (DWB), also known as fusion
bonding. Here, two wafers with hydrophobic or hydrophilic surfaces are brought into
contact and annealed at high temperatures. During the initial contact at room temperature,
hydrogen bonds develop across the gap between the wafers. As the temperature increases
(- 600K), the hydrogen bonds are replaced by Si-O-Si bonds and the excess water or
hydrogen diffuses away from the interface [Maszara, 1988]. At very high temperatures
(>1300K), oxygen will also diffuse into the crystal lattice to create a bond interface that is
mechanically indistinguishable from the rest of the silicon crystalline structure. At these
high temperatures, the strength of the bond approaches that of the adherend silicon wafers
[Mirza, 1998].
4.2.2 Bond strength testing techniques
Several methods for measuring bond strength have been developed previously.
The literature offers many examples of approaches for testing adhesive joints between
metals and metals, metals and polymers, metals and ceramics, ceramics and ceramics,
and so forth. These techniques are drawn primarily from the field of fracture mechanics
and materials engineering and are slowly been applied to MEMS materials. The four-
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point flexure method is an ideal approach for measuring bond strength of silicon to
silicon. This method is easy to implement, very accurate and has closed-form solutions
for ease of data analysis. The following section highlights the most common testing
techniques used in fracture mechanics and discusses their suitability for use with MEMS
materials.
4.2.2.1 Four-point flexure method
This method consists of bending a bilayer specimen with an interfacial notch using a
four-point bending fixture (Figure 4-2). The four-point flexure creates a constant moment
condition which initiates a crack at the tip of the notch. The crack propagates along the
interface of the two layers [Lawn], [Cao], [Charalambides], [Hutchinson]:
applied load P L
bi-layer interfacial-
cracked specimen
Figure 4-2: Four-point flexure method
At the on-set of delamination, the strain energy release rate Ge is related to the
applied load P through a closed-form solution [Hutchinson]. For a specimen made out of
two strips of the same isotropic material and same dimensions, the analytical expression
is as follows (see Appendix B for complete derivation):
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21 1-v 2  L 2  P 2
GE = - - 3 ) (4.1)
where,
P: maximum applied load
L: moment arm
h: wafer thickness
b: sample width
E: Young's modulus
v: Poisson's ratio
Gc, toughness or critical strain energy release rate, is the energy absorbed per unit
area of crack. It is a material property and it can be used to measure the strength of
adhesives [Ashby]. In this case, Gc is used as the metric to characterize the quality of the
bond between the adherend materials.
A clear advantage of this method is that the experimental variables can be measured
with high accuracy. The applied load can be measured with a high-resolution load cell
and the geometric parameters (length, width and height) with micrometers. In addition,
the four-point bend set-up results in a constant moment condition between the inner
loading points. Consequently, the notch need not be placed symmetrically between the
loading points, which greatly simplifies the testing procedure. It is noteworthy that the
crack loading arises exclusively from the elastic asymmetry, resulting in a mixed-mode
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1+11 field [Lawn]. Thus, the values for G determined with this method will be somewhat
different to those determined with pure mode I (most common) or mode II set-ups. For
the particular case of interest in the present study with equal thickness, isotropic adhered
wafers the phase angle (tan' KII/K 1) is approximately 40 degrees [He].
This technique has been successfully used to characterize low temperature, wafer-
level gold-gold thermocompression bonds [Tsau]. The work done by Tsau directly
parallels the study presented in this thesis. Ms. Tsau and the author worked together in
the implementation of the four-point flexure method.
4.2.2.2 End notched flexure (ENF)
This three-point bend test procedure aligns the specimen so the resultant of the
applied load is perpendicular to the adhesive bond line (Figure 4-3).
applied load
16 notch
Figure 4-3: End notched flexure (ENF) configuration
The ENF is one of the most widely used test methods for evaluation of the shear
delamination resistance of composite materials [McDevitt]. Several assumptions are
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made in applying beam theory to this test, one of which is that the shear stress is
distributed across the transverse face of the specimen with a maximum at the center. This
test can therefore be used to determine energy release rates for cracks propagating in
mode II.
4.2.2.3 Maszara, razor blade or crack opening method
The Maszara method consists of a double cantilever beam under constant wedging
conditions (Figure 4-4):
wedge
S2y
crack length 1
Figure 4-4: Schematic of the Maszara method
A wedge is inserted between the two beams to propagate a crack of length I along
the bonded interface. In equilibrium, the critical strain energy release rate Gc equals the
work of adhesion [Maszara]:
G 3Et 3 y2  (4.2)C 81I4
where,
t: wafer thickness
2y: crack separation
1: crack length
E: Young's modulus
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This method is generally convenient and easy to use, as samples need no special
preparation. However, the method has inherent accuracy limitations. The strain energy
release rate is very sensitive to the measured crack length 1 ( Gc c 1/14) . The crack length
is usually measured optically. Correction factors are needed to account for an additional
crack length shadowed by the tip of the wedge and a small distance between the actual
crack tip and that part of the crack narrower than ca. X/4 of the probing element
[Maszara], Ploessl].
4.2.2.4 Tensile strength test
Another popular technique is the use of a tensile tester to pull from two opposite
directions perpendicular to the bonded surfaces to separate the bonded pieces apart, as
shown in Figure 4-5:
Silicon wafers
Figure 4-5: Tensile strength test set-up
This method is straightforward to utilize and the samples are not difficult to prepare.
However, it is very susceptible to errors because small flaws in the bond, such as elastic
stresses stored during the formation of the joint and defects at the edges of the samples,
can induce separation at values below the actual bond strength [Ploessl]. In addition, the
alignment of the stubs is critical, because any deviation from the normal to the bonded
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surface creates bending moments which can cause premature failure of the sample during
testing. Finally, the maximum bond strength that can be measured is limited by the tensile
strength of the epoxy adhesive [Tong].
4.2.2.5 Button tensile adhesion test
This technique is very similar to the tensile
difference is in the grips for the samples. Here,
button slot on each end which slide into the slip
4-6):
K"'
strength test presented above. The main
the test specimens are cylindrical with a
grips of the testing apparatus (see Figure
test specimens
adhesiveslip grip button slot ahsv
Figure 4-6: Button tensile adhesion test
As in the case of the tensile testing, this technique is very sensitive to the alignment
of the testing apparatus [Anderson, 1988]. This approach is not ideal for silicon, as it is
difficult to prepare cylindrical specimens with button slots. In addition, stress
concentrations at the sharp comers of the button slots might induce fracture before the
adhesive yields and data on the bond strength can be obtained.
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4.2.2.6 Lap shear test
For practical reasons, the mechanical test designer usually attempts to load adhesive
jointd in shear [Anderson, 1982]. As a consequence, the most commonly used adhesive
test in the lap shear test (see Figure 4-7):
Figure 4-7: Lap shear test
However, for the MEMS specialist, this test presents various difficulties. First, it is
not clear how to grip silicon samples to load them in shear, as suggested in Figure 4-7.
Second, the lap shear test has some intrinsic accuracy limitations. As indicated above for
the tensile tests, failure initiation in materials loaded in shear is also a localized
phenomenon that is more dependent on maximum stresses at specific points than on the
average induced values. The standard lap shear specimen shows a variation in shear stress
within the adhesive layer and in fact can exhibit a singular behavior at the bond
termination [Anderson, 1982]. Finally, the stress state of the lap shear joint is very
complex and does not lend itself to a closed form solution. Numerical methods are
required to analyze the results.
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4.2.2.7 Micro chevron test
The chevron-test is commonly applied to measure bond strength of brittle materials.
The test involves a special notch-like sample geometry which is loaded by a continuously
increasing tensile force (see Figure 4-8):
Bonded interface
chevron notch tip
Figure 4--8: Micro-chevron test configuration
When a certain load level is reached, a crack initiates at the chevron tip. The crack
grows continuously until a certain critical length is reached and the specimen fractures. It
is possible to determine the fracture toughness Kc of the material based on the fracture
load, and no additional crack measurements are needed [Bagdahn]. Consequently, the test
accuracy is higher than in alternative methods. However, numerical methods are
necessary to determine fracture toughness from the observed data [Bagdahn]:
FK, = ""^ -Y(a) (4.3)
BSf
70
where,
Fmax: fracture load
B: sample width
W: sample length
Y(c): geometry function derived by numerical solutions using 3D FEM
[Bagdahn]
The experiment is relatively simple to conduct but there is the issue of attaching the
studs to the samples. This extra step involves adhesive bonding and lends itself to the
difficulties of alignment and premature failure outlined for the tensile tests.
4.2.2.8 Blister test
The bond toughness may also be measured by the so-called "blister test". The test
samples consist of two bonded wafers with one wafer containing a hole (see Figure 4-9)
[Tong]. Hydrostatic oil pressure is applied through the hole of the bottom wafer, which is
kept fixed, and the critical pressure pf for debonding is measured.
wafer 1
wafer 2
hydrostatic pressures
Figure 4-9: Blister test configuration
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Although the critical pressure measured would usually be associated with a critical
stress, in this specific measurement configuration, the physical quantity controlling the
debonding is again the surface energy related to pr via [Tong]:
0.088 -p -a 2(44)
Et 3 t
where,
a: radius of the hole
t,: thickness of top wafer
E: Young's modulus of top wafer
There are some difficulties associated with the blister test. First, the exact location of
the debond can be difficult to determine. Second, under constant pressure loading the
debond grows in a non-stable manner. Third, the pressurizing medium can store rather
large quantities of energy [Dillard].
4.2.2.9 Surface acoustic waves (SA W)
All the methods explained so far involve destroying or damaging the test samples.
There are several approaches being pursued, all based on acoustic techniques, to realise a
non-destructive evaluation test for bond strength characterization [Ploessl], [Rokhlin].
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One method is based on the non-linear dependence of the backdriving force at the
bond interface in the deflection (see Figure 4-10):
digital
Planar piezotransducer oscilloscope
(receiver)
bonded interface
wafer 2
Planar piezotransducer signal
(sender) generator
Figure 4-10: Schematic of the non-destructive set-up for quantifying adhesion using
acoustic microscopy measurements [Ploessl].
A sinusoidal signal is transmitted into the sample under test. A broad-band
ultrasonic transducer is used as receiver for the signal modulated by the elastic response
of the interface. The received signal is Fourier transformed and analyzed to estimate bond
strength variations across the interface and as a function of annealing temperature
[Ploessl]. Further developments in ultrasonic transducers could allow a realization of the
technique's potential [Schulze].
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4.2.3 Summary of testing techniques:
The four-point bend delamination specimen offers the most advantages for testing
interfacial bonds of silicon samples. The specimens are relatively easy to prepare and no
special grips are needed. There are no alignment concerns and the experimental
parameters can be measured very accurately. Data reduction and calculation of results is
straightforward due to the existence of closed-form solutions for determining strain
energy release rate from the measured maximum load and geometric parameters.
Therefore, this experimental set-up was selected to conduct the testing of silicon to
silicon bond strength.
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4.3 Testing procedure
4.3.1 Testing specimens
The specimens consist of two strips of silicon bonded together. The strips are
nominally 8mm wide and each is 525pm thick. One of the layers has a transverse notch
that reaches to the bi-layer interface. The other strip has small grooves etched
longitudinally (see Figure 4-10). The width of these grooves varies to achieve different
ratios of bonded area. In the present study, these ranged from 50% to 90% (see Appendix
C for a detailed mask drawing).
> 4cm
525a. 08-777
notch
Longitudinal
Figure 4-11: Test specimens for the four point bend experiment.
The presence of these grooves is critical to enforce delamination along the interface.
In isotropic and elastic materials, a crack advancing perpendicular to an interface will
deflect and run along the interface only if the 'toughness' of the interface, Gi, is less than
a quarter the toughness of the material it is propagating through (in this case silicon)
[Hutchinson]. The grooves on one of the strips decrease the bonded area and
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consequently the interface toughness. A correction factor must be included to calculate
the strain energy release rate [Tong]:
-AoGeffective = Gmeas,red A (4.5)
bonded
The grooves are necessary especially for the cases were the bond strength
approaches the material toughness. Otherwise, the samples crack through and no
information on G can be obtained.
Specimen preparation:
The first step in the process consists of etching the aforementioned grooves on one of
the wafers to be bonded. The widths of these grooves vary from several tens to several
hundred microns and are two microns deep. A single line one millimeter wide and one
hundred microns deep is etched on the other wafer. This single line is necessary to create
the interfacial notch (See Figure 4-12 and Appendix C).
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Line for interfacial
notch
Grooves of different
widths
Top wafer Bottom wafer
Die-saw cuts to separate
samples
Figure 4-12: Schematic of mask for specimen preparation
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After the wafer bond is completed, the specimens are separated from the wafer using
a diamond saw (die-saw) machine. This is a critical step in the process for various
reasons:
1. Some samples tend to delaminate while in the die-saw, rendering them useless for
testing. This is observed especially in specimens likely to have weaker bonds, i.e.
those contacted at lower temperatures ( 500C, 600C).
2. The notch must be die-sawed across one of the wafers, making sure that the blade
falls within the previously etched cavity. This is not trivial, because the etched cavity
can not be seen from the top of the wafer. The only guidance is markings on the wafer
obtained with help of infrared images. In addition, care must be taken to avoid
penetration of the blade into the other wafer (Figure 4-13).
Figure 4-13: Care must be taken when die-sawing the notch to ensure that the cut falls
within the previously etched cavity (left). Sometimes it is necessary to repeat the cutting
(right).
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4.3.2 Testing apparatus
The testing apparatus consists of a four-point bend fixture and an INSTRONTM
testing machine (Figure 4-14). The samples are loaded in compression using a constant
piston displacement rate of 0.05mm/min. A Questarrm telescopic microscope is used to
monitor crack growth and delamination along the interface of the bi-layer specimen.
I cell
Load cell/
4 point bend fixture
piston
Figure 4-14: Testing apparatus
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4.4 Test results
A representative load-displacement curve is shown in Figure 4-14 (more examples
can be found in Appendix D). Displacement of the piston is negative in the upward
direction. As the piston moves up, it applies load and a moment on the bi-layer specimen.
Once the moment is large enough to start the delamination, the work done by the
INSTRON machne is absorbed in the crack formation and the load stays constant with
displacement. Usually, the delamination starts to one side of the notch first. Once it
reaches one of the inner loading points, it delaminates in the other direction (Figure 4-
14).
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Figure 4-14: Load-displacement curve of specimen cured at 700C for 24hrs and 10-2
mbar N2 ambient pressure. Specimen has 70% bonded area.
All specimens were contacted for 24 hours, in a nitrogen atmosphere at a pressure of
10-2 mbar. There were four annealing temperatures: 500C, 600C, 700C and 800C [Ayon,
Miller, Nagle, Spearing]. Figure 4-15 summarizes the results of the bond strength test.
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Figure 4-15: Summary of Si-Si bond strength test. Specimens were contacted for 24
hours in a nitrogen atmosphere at 10-2 mbar. Samples contacted at 800C delaminated
briefly and then cracked, suggesting strong interfacial toughness.
Each of the specimens had a different bonded area ratio. After correcting for this
difference using equation 4.3, the values for Gc are fairly consistent (Figure 4.16).
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Figure 4-16: Strain energy release rate G vs. bonded area percentage and temperature.
All samples contacted for 24 hours in a nitrogen atmosphere at 102 mbar.
4.5 Discussion
The load-displacement curves show the behavior expected from specimens made
out of elastic and isotropic materials. Since the crack propagates in a steady-state manner
with a strain energy release rate independent of crack length, the load displacement curve
reaches a plateau. Once the crack has reached an inner loading point, the load increases
again.
The data in Figure 4.15 confirms the trends suggested in Section 4.1. Given a
constant contacting time, bond strength increases with temperature. This implies that it is
possible to obtain the same level of bond strength by annealing at lower temperatures but
longer time. Notice the sharp increase in Ge beyond 700C. The samples annealed at 800C
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delaminated briefly and then cracked through. This indicates that the bond in these
specimens is relatively strong, probably approaching the toughness of silicon itself.
Literature data suggests values for silicon's toughness, Gc, on the order of 3.0 J/m2 in
mode I [Lawn], [Tong, 1998]. As explained in Section 4.2, the four-point bend flexure
results in a mixed mode I and II field. G terms from superposed loadings in different
modes are additive [Lawn] and can be determined according to equation 4-5:
K1 2 K,| K 2, -(1+v)G = + + F (4-5)
E' E' E
where,
K: mode i stress intensity factor
E: Young's modulus
E'= E in plane stress and E'= E/(1-v 2) in plane strain
v: Poisson's ratio
The values calculated in Figures 4-15 and 4-16 correspond to a mixed mode I and II
and should be larger than those for pure mode I. Nevertheless, these results fall within an
acceptable range when compared to published data.
The results presented in Figure 4-16 indicate that bond strength is independent of the
area ratio. The introduction of the etched grooves to reduce the interfacial toughness and
promote delamination along the interface can be accounted for with the correction factor
in Equation 4.5. This validates the values calculated for the strain energy release rate.
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4.6 Conclusions and recommendations for future work
The following conclusions can be extracted from the work presented above:
" A silicon to silicon bond strength testing technique has been successfully developed
using a four-point bend flexure set-up. Key to the experiment is the reduction in
interfacial toughness through a decrease in the bond surface. This can be accounted
for with correction factors when determining the strain energy release rate.
" The technique is simple to use and acceptably accurate. The critical step is the
preparation of the samples, but this is not a limiting factor. The experiments are
straightforward to run and all measurements can be done with useful accuracy. Data
reduction is uncomplicated given the existence of closed form solutions for
calculating strain energy release rate from measured data.
" Experimental results agree with published data. These results confirm the trade-off
between annealing time and temperature.
The following recommendations for future work are suggested:
" Improvements in the preparation of the samples, especially in the die-sawing of the
interfacial notch.
" Currently, bonded area ratios ranged from 50% to 90%. It would be desirable to
investigate lower ratios, from 10% to 40%.
* The effect of ambient atmosphere (composition and pressure) and surface preparation
on bond strength should be studied.
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* The technique should be applied to analyze bond strength between dissimilar
materials, for instance silicon and silicon carbide. This is of special interest in order to
fabricate the hybrid structures proposed in Chapter 3.
4.7 Summary:
A testing technique has been developed to measure the Si-Si bond strength using bi-
layer interfacial notched specimens in a four point bend fixture. The test results confirm
the trade-off between annealing time and temperature to achieve similar bond strengths.
The experimental results agree with theory and published data. Subsequent experiments
should further investigate the effect of different annealing time, surface preparation and
contacting atmosphere on bond strength. The technique could also be applied to test bond
strength between dissimilar materials, for instance silicon and silicon carbide.
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CHAPTER 5
CONCLUSIONS AND RECOMMEDATIONS
5.1 Summary of work
This thesis investigated two independent research topics of interest to the MIT
Microengine Project. First, the use of hybrid silicon/silicon carbide structures to extend
the operating envelope of the first generation microengine was analyzed. Due to the
relatively low strength of Si at high temperatures, the all-silicon demonstration device
does not yet meet the design specifications. The introduction of refractory materials has
been identified as the best short-term alternative. Second, a testing technique to measure
the toughness of silicon to silicon fusion bonds was developed and implemented. It is of
great interest to the microengine project and to the microelectronics industry at large to
develop low temperature wafer-level bonding. Accurate bond strength testing techniques
are required to advance these efforts.
The hybrid structures analysis considered the reinforcement of the silicon turbine
spool with silicon carbide in strategic locations. The turbine disc was assumed to have a
SiC core of varying thickness. The reinforcement of the turbine blades followed two
strategies: a) removal of material from the inside of the blade and b) introduction of a SiC
core of varying height. The increase in temperature tolerance was compared against
improvements in the device's performance. Fabrication as well as thermal insulation of
the hybrid spool was also considered.
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The Si-Si bond strength test used interfacial cracked specimens in a four-point
bend flexure. This experimental set-up was chosen because of its accuracy and easy of
use compared to other methods. Samples were bonded through high-temperature
annealing at various temperatures (500C, 600C, 700C, 800C) for 24hours in a nitrogen
atmosphere at 102 mbar.
5.2 Conclusions
The hybrid structures analysis led to the following conclusions:
" Hybrid Si/SiC structures can significantly increase the operating efficiency of the
microengine by increasing the allowable working temperature on the order of 150-
200K. A turbine disc with 30% SiC and hollow turbine blades, with or without SiC,
can increase the compressor pressure ratio by more than 30% from the baseline
scenario. The net power output can be increased four times.
* In order to benefit from the higher working temperatures, the compressor must be
thermally isolated from the turbine. An obvious approach is to introduce a shaft
design to connect the turbine and compressor rotors.
" Further improvements in efficiency are limited not by structural considerations but by
the overall engine design. Specifically, more aggressive cooling schemes (active
cooling) or re-configuration of other components of the microengine are necessary to
reach the desired high power densities.
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The work on the Si-Si bond strength tests produced the following conclusions:
* A silicon to silicon bond strength testing technique has been successfully developed
using a four-point bend flexure set-up. Key to the experiment is the reduction in
interfacial toughness through a decrease in the bond surface. This can be accounted
for with correction factors when determining the strain energy release rate.
" The technique is simple to use and acceptably accurate. The critical step is the
preparation of the samples, but this is not a limiting factor. The experiments are
straightforward to run and all measurements can be done with useful accuracy. Data
reduction is uncomplicated given the existence of closed form solutions for
calculating strain energy release rate from measured data.
" Experimental results agree with published data. These results confirm the trade-off
between annealing time and temperature.
5.3 Recommendations for future work
Based on the hybrid structure study, the following recommendations for future work
are suggested:
e A more detailed model is needed to quantify the stresses in the structure. Specifically,
a combined disc and blade simulation must be conducted to analyze the stress
concentrations, especially at the blade roots.
" A parametric study should be carried out to find the optimal amount of SiC for both
the turbine disc and turbine blades
e A thermo-mechanical analysis is needed to investigate the effects of creep and of
thermal concentrations (hot spots).
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" Better material properties of both silicon and silicon carbide are needed to model their
behavior, especially at high temperatures.
. Key fabrication steps that must be addressed are CVD SiC deposition in high-aspect
ratio cavities, planarization of SiC and bonding of Si to SiC.
The Si-Si bond strength test experience suggests the following recommendations:
e Improvements in the preparation of the test samples, especially in the die-sawing of
the interfacial notch.
" Currently, bonded area ratios ranged from 50% to 90%. It would be desirable to
investigate lower ratios, from 10% to 40%.
e The effect of ambient atmosphere (composition and pressure) and surface preparation
on bond strength should be studied.
* The technique should be applied to analyze bond strength between dissimilar
materials, for instance silicon and silicon carbide. This is of special interest in order to
fabricate the proposed hybrid structures.
5.4 Summary:
The introduction of limited amounts of SiC in the turbine disc and turbine blades can
increase the temperature tolerance of the rotating structure by 150-200K. A turbine disc
with a 30% SiC core, and hollow turbine blades with a 300ptm tall SiC core can withstand
the higher operating conditions. This temperature increase leads to significant
improvements in the microengine performance when compared to the all-Silicon baseline
design: 30% increase in compressor pressure ratio and fourfold increase in shaft power
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output. However, further performance improvements are hampered by heat flux from the
turbine into the compressor. More aggressive cooling schemes or re-design of the rotating
spool is needed. Fabrication of the hybrid structures is compatible with the current
microengine process flow, although some key process steps must be further developed:
depostion of CVD SiC in high aspect ratio cavities, SiC planarization and SiC/Si
bonding.
A testing technique has been developed to measure the Si-Si bond strength using bi-
layer interfacial notched specimens in a four-point bend fixture. The test results confirm
the trade-off between annealing time and temperature to achieve similar bond strengths.
The experimental results agree with theory and published data. Subsequent experiments
should further investigate the effect of different annealing time, surface preparation and
contacting atmosphere on bond strength. The technique could also be applied to test bond
strength between dissimilar materials, for instance silicon and silicon carbide.
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APPENDIX A
Thermo-structural parametric study of the microengine rotor
by
Jon Protz
The demo engine spool (compressor, turbine, and shaft) is a geometrically complicated
structure with a variety of flow passages. Each surface of the spool is exposed to a
different gas temperature and heat transfer coefficient. The flow temperatures are
influenced by the structural temperatures. The result is a coupled structures-fluids
problem. A comprehensive analysis of this structure would require a 3D FEM
thermo/structure analysis similar to the analyses performed by Chen. A separate analysis
of the flow would also be required. The FEM and fluids calculations would be iterated
until a final solution is determined.
A full 3D thermallstructure/fluids analysis of the spool is too complicated to be
practical for trade studies. Instead, a much simpler ID model was developed. This
model uses bulk heat transfer coefficients for the turbine and the compressor. Both
structures are considered isothermal. A linear thermal gradient is assumed in the shaft
connecting the turbine to the compressor. The fluids/thermodynamics problem is solved
simultaneously with the thermal/structure problem.
The model uses the following assumptions:
(1) Compressor blisk is isothermal
(2) Turbine blisk is isothermal
(3) Linear thermal gradient in shaft
(4) 'Bulk' heat transfer coefficients are independent of flow or structural
temperature
(5) Compressor performance changes with compressor heat flux according to
correlation from previous fluids dynamic work
(6) Rotor speed fixed at 125,000 rad/sec
(7) Heat transfer at blade tips, seals, and journal bearing negligible. (This
must be tested w/ a 3D analysis)
The problem is set up as a thermal resistance problem. The following models are used
in the analysis:
(1) Compressor heat transfer. Heat transfer in the compressor is modeled by a
'bulk' heat transfer coefficient that relates heat flux to isothermal wall
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temperature and average compressor fluid temperature. Here, Tbar_c_fluid
is the average blade-relative total temperature of the flow.
= h-A, -(Tv"" - yflud)
(2) Turbine heat transfer. Turbine heat transfer is also modeled by a 'bulk' heat
transfer coefficient. Again, the fluid temperatures are in the blade-relative
frame.
61= h, -A we (TIwall - Tyflu'id)
(3) Conduction in the shaft. The conductive heat transfer from the turbine to the
compressor via the shaft is modeled by the following equation:
=k.A xsec. Talwl
Qshaft k t "
(4) Enthalpy rise in the compressor. Enthalpy rise in the compressor is given by
the sum of the compressor shaft work (taken from correlation with Qdot) and
the heat transfer. Here, Tt2 is the absolute-frame impeller inlet total
temperature, and T125 is the absolute-frame impeller exit total temperature.
c-the -(T z- T 2 ) W, (o, ) + o,
.j (t 2 5 - )WQ Q
(5) Enthalpy drop in the turbine. The enthalpy drop in the turbine is given by the
sum of the turbine shaft work and the heat flow out of the turbine. The
turbine work is equal to the sum of the compressor work (a function of Qc)
and the bearing and seal drag losses (approximately 13W). Here, Tt41 is the
absolute-frame NGVexit temperature and Tts is the turbine rotor exit
temperature.
c,-h, -(T4 -T5 )W + o,
These equations are solved simultaneously along with the conservation of energy to
determine the spool temperatures and heat transfer. The specific values used for each
parameter are summarized in the table shown in the next page.
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File: heattxfrgeomspec.xis -- Excel spreadsheet to define heat transfer calc parameters
Author: J. Protz
Date: 10 Dec 98
Geometry Comp Turb
Donut' Area [mm2] 37.70 21.21
Blade Tip Plan Area' [mm2] 21.88 2.12
Wetted Endwall Area* [mm2] 15.82 19.08
Blade Wetted Area [mm2] 36.04 13.97
Total Wetted Area [mm2] 51.85 33.05
Total Wet/Donut** [-] 1.38 1.56
Tip Plan/Donut [-] 0.58 0.10
Fraction Holes [-} 0.42 0.90
Total Wet/Blade Wet*** [-] 1.44 2.37
* Area of rotor side only. Does not include static casing.
Use this to correct axisymmetric rotor model
** This is 3D wetted area / 2D wetted area
Heat Transfer
h* [W/m2-K] 1817.00 2580.00
hA-2D** [W/K] 0.0654 0.0360
hA-3D [W/K] 0.0942 0.0852
Based on Guppy's 2D MISES. Consistent w/ Luc's Fluent 2D and Stu's analytic soln to +/- 15%
2D Mises w/ no endwall heat transfer
hA is 'bulk' Q = hA*0.5*(Tt-relin+Ttrelexit)
Fluid Temperatures
Inlet Total Tempereature (Absolute) [K] 300.00 1600.00
Inlet Total Tempereature (Relative) [K] 362.00 1493.00
Relative-Absolute [K] 62.00 -107.00
Work [W 40.00 53.00
Work/Cp*mdot [K] 110.56 129.14
Heat [W] 40.00 40.00
Heat/Cp*mdot [K] 110.56 97.47
Exhaust Total Temperature (Absolute) [K] 521.12 1373.39
Exhaust Total Temperature (Relative) [K] 552.12 1384.39
Relative-Absolute [K] 31.00 11.00
'Avg' Total Temperature (Absolute) [K] 410.56 1486.70
'Avg' Total Temperature (Relative) [K] 457.06 1438.70
Relative-Absolute [K] 46.50 -48.00
* Static structures should use absolute frame. Rotating structures should use relative frame.
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APPENDIX B
Derivation of the strain energy release rate G for an interfacial cracked
specimen in a 4pt bend fixture
1) Nomenclature:
Uc: complementary energy
e: plane strain
a: plane stress
v: Poisson's ratio
E: Young's modulus
M: bending moment
I: moment of inertia
z
y
A:
2) Derivation of the complementary energy formula for a beam in bending
The general expression for the complementary energy formula for a beam in bending is
given by:
dUc = J[ efoC80;1 ]V
V
where,
a=E-E
v2)
E
0
2 1 C2 .(1- 2 )(1-v2)do-=--2 E
S(1 )2) 2
U, = jfff [ -E ".2,,]dV
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From simple beam theory, the stress a can be expressed as:
Mz
I-
auc = [ 1
U=-1 (1 V 2 )
2 E
E I M 2 ]dV
zz -MdAdx
v
The moment of inertia I can be expressed as:
I = ffz2dA
1 (1-V2) M 2
dU 2 E f I
0
Finally, the expression for the complementary energy for plane strain of a beam in
bending is:
1-n 2U = -M2.L
*2EI
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3) Moment inside loading points in a 4pt bend specimen:
P/2
hI
h2
1
P/2
Ir
h
b
a 1
4
L
The moment inside the inner loading points of the four point bend fixture is:
PM =--l
2
4) Calculation of the strain energy release rate of an interfacial cracked specimen in a
four point bend fixture
The strain energy release rate is the difference in the energies of the delaminated and not
delaninated specimens under loading P (refer to diagram above for dimensions):
GSS =Uc2 
-Uch
1- V 2Gss= _U2
2EzI2
1-v 2
-M2 -L- ^-M 2 .L
2EhIh
Assume same material for both layers: V2 = vh= v, E2 = Eh= E
M 2L (i
2E
h - 2
Ih 2
The moments of inertia of the delaminated and not delaminated specimens are given by:
2 b 212
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h-
ffir
Ih = -(h, + h212
Substituting in the expression for G.s above and simplifying:
21 (1-- v2)LM2GS = - 34 Eh b
Use the expression for the moment M from part 3:
21(1__2)L P )2
" 4 Eh b (2
This is the total energy released upon application moment M. In order to calculate the
energy release rate per unit area G, divide by the bonded area Abnded = L b:
21 (1 b2) 12 (P)2
4 E bz2hi 2
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APPENDIX C
Mask pattern for four point bend test specimens
This mask is designed to produce 10 8mm wide strips from a 4 inch silicon wafer.
Each strip has a series of longitudinal grooves 1pm deep. These grooves vary in either
width or number to achieve a certain percentage of etched surface. The strips to the left of
the centerline have a constant number of grooves each (10). The grooves vary in width to
achieve the different surface ratio. The strips to the right of the centerline have grooves
with constant width (100ptm). The number of grooves vary to obtain the desired surface
percentage.
centerline
Percentage of
etched surface
90/T 80% 70% 60% 50% 50% 60% 70% 80% %
70mm
6mm
8mm
100
APPENDIX
Load-displacement curves from the Si-Si bond strength tests
101
D
-4.D
Displacement (mm)
Temp: 500C, Time:24hr, Area ratio: 60%,
Atmosphere: N2, x10-2mbar
z
0
-J
Displacement (mm)
Temp: 5000, Time:24hr, Area ratio: 70%,
Atmosphere: N2, x10-2mbar
.4
O
0
-j
Temp: 500C, Time:24hr, Area ratio: 90% (10),
Atmosphere: N2, x10-2mbar
Displacement (mm)
Temp: 500C, Time:24hr, Area ratio: 80%,
Atmosphere: N2, x10-2mbar
-d4 -0.35 -0.3 -0.25 -* '$of 15
-0.5 -
-1.5
0
-2-
-2.5
Displacement (mm)
0
-J
Temp: 600C , Time: 24hr, Area ratio: 70%,
Atmosphere: N2, x10-2mbar
-056 -0.54 -0.52 -0
0
-j Ad
Displacement (mm)
Temp:600C, Time:24hr, Area ratio: 80%,
Atmosphere: N2, x10-2 mbar
-0656 -0.54 -0.52 -0 -0.48 -0.46
-0.5
Z -1.5
-2.5
-3-
-3.5
Displacement (mm)
Displacement (mm)
Temp: 700C, Time:24hr, Area ratio: 60%,
Atmosphere: N2, x10-2mbar
... Q. . 0
-0 54 -0.53 -0.52 -0.51 -0.5 4 -0 48
0
-2.5-
-3-
Displacement (mm)
Temp: 7000, Time:24hr, Area ratio: 70%,
Atmosphere: N2, x10-2mbar
I--,
CO0
-j
Displacement (mm)
Temp: 700C, Time:24hr, Area ratio: 80%,
Atmosphere: N2, x10-2mbar
-0,54 -0.53 -0.52 -0.51 -0.5 -0.48 -0.47 -0.46 -045
-005
--05
z 
-1.5 -Z 1
a 2
-2.5-
-3-
-3.5
Displacement (mm)
Temp: 700C, Time:24hr, Area ratio: 90%,
Atmosphere: N2, x10-2mbar
Z
0
-j
Temp: 800C, Time:24hr, Area ratio: 60%,
Atmosphere: N2, x10-2mbar
0
-0.9 -0.8 -0.7 -0.6 -0.5 -M.2 -0.1
3
-3.5
-4
-4.5
Displacement (mm)
-3.5
-1-
-1.5-
Z... -2 ..
-ipacmnt(m
BIBLIOGRAPHY
Anderson, G.P., et al, "Effect of removing eccentricity from button tensile adhesion
tests", Adhesively Bonded Joints: Testing, Analysis, and Design, ASTM STP 981, W.S.
Johnson, Ed., American Society for Testing and Materials, Philadelphia, 1988
Anderson, G.P., et al., "Evaluation of Adhesive Test Methods", International Symposium
on Adhesive joints: Formation, Characteristics and Testing, K.L. Mittal Ed., American
Chemical Society, Kansas City, 1982
Ashby, M. F., Jones, D. R., Engineering Materials, Pergamon Press, Oxford, England, 1 t
edition, 1980
Ayon, A.A., Lin, C.C., Braff, R., Bayt, R., Sawin, H.H., Schmidt, M., "Etching
Characteristics and Profile Control in a Time Multiplexed Inductively Coupled Plasma
Etcher", presented at 1998 Solid State Sensors and Actuators Workshop, Hilton Head,
SC, June 1998
Ayon, A.A., Ishihara, K., Braff, R., Sawin, H.H., Schmidt, M., "Application of the
Footing Effect in the Microfabrication of Self-Aligned, Free-Standing Structures",
presented at the 45t International AVS Symposium, Baltimore, MD, November 1998
Ayon, A.A., Chen, K.-S., Lohner, K.A., Spearing, S.M., Sawin, H.H. and Schmidt, M.A.,
"Deep Reactive Ion Etching of Silicon", invited presentation at the MRS Fall Meeting,
Boston, MA, December 1998
Ayon, A.A., Braff, R., Lin, C.C., Sawin, H.H., Schmidt, M.A., "Characterization of a
Time Multiplexed Inductively Coupled Plasma Echter", Journal of the Electromechanical
Society, Vol. 146, Number 1, January 1999
Ayon, A.A., Nagle, S., Frechette, L., Ghodssi, R., Epstein, A.H., Schmidt, M.A.,
"Tailoring Etch Directionality in a Deep Reactive Ion Etching Tool", presented at
Transducers '99, Sendai, Japan, June 1999
Ayon, A.A., Miller, B., Nagle, S., Spearing, S.M., "Low Temperature Silicon Wafer
Bonding for MEMS Applications ". In preparation.
Ayon, Arturo. Personal communication.
Bagdahn, J, et al, Measurement of the local strength distribution of directly bonded
silicon wafers using the micro-chevron-test, 5* International Symposium on
Semiconductor Wafer Bonding, Honolulu, Hawaii, October 1999
109
Cao, H.C, Evans, A.G., An experimental study of the fracture resistance of bimaterial
interfaces, Mechanics of Materials 7, Elsevier Science Publishers B.V. (North Holland),
1989
Charalambides, P.G., et al, A test specimen for determining thefracture resistance of
bimaterial interfaces, Journal of Applied Mechanics, vol. 56, March 1989
Chen, K.-S., Ayon, A.A., Spearing, S.M, "Controlling and Testing the Fracture Strength
of Silicon at the Mesoscale ", to be published in the Journal of the American Ceramic
Society, 1999
Chen, K.-S., Materials Characterization and Structural Design of Ceramic
Turbomachinery, Ph. D. Thesis, Dept. of Mechanical Engineering, Massachusetts
Institute of Technology, Cambridge, Ma, June 1999
Chen, K.-S., Ayon, A.A., Spearing, S.M., "Silicon Strength Testing for Mesoscale
Structural Applications", MRS Proceedings, Vol. 518, 1998
Chen, K.-S., Ayon, A.A., Lohner, K.A., Kepets, M.A., Melconian, T.K., Spearing, S.M.,
"Dependence of Silicon Fracture Strength and Surface Morphology on Deep Reactive
Ion Etching Parameters", presented at the MRS Fall Meeting, Boston, MA, December
1998
Dillard, D.A., et al, "Development of alternative techniques for measuring the fracture
toughness of rubber-to-metal bonds in harsh environments", Adhesively Bonded Joints:
Testing, Analysis, and Design, ASTM STP 981, W.S. Johnson, Ed., American Society for
Testing and Materials, Philadelphia, 1988
Epstein, A.H, Senturia, S.D., Macro Powerfrom Micro Machinery, SCIENCE Magazine,
Vol. 276, 23 May 1997
Epstein, A.H., et al, Power MEMS and Microengines, IEEE Conference on Solid State
Sensors and Actuators, June 1997
Epstein, A.H., et al, Micro-heat Engines, Gas Turbines and Rocket Engines, 28b AIAA
Fluid Dynamics Conference and 4th AIAA Shear Flow Control Conference, June 1997
Ghodssi, R., Frechette, L.G., Nagle, S., Zhang, X., Ayon, A.A., Senturia, S.D., Schmidt,
M.A., "Thick Buried Oxide in Silicon (TBOS): An Integrated Fabrication Technology for
Multi-Stack Wafer-Bonded MEMS Process", Transducers '99, Sendai, Japan, June 1999
He, M-Y., Hutchinson, J.W., Crack deflection at an interface between disimilar elastic
materials, The Processing and Mechanical Properties of High Temperature/High
Performance Composites Annual Report, A.G. Evans Ed., University of California, Santa
Barbara, 1989
110
Hutchinson, J.W., Suo, Z., Mixed Mode Cracking in Layered Materials, Advances in
Applied Mechanics, Vol. 29
Jacobson, S.A., "Aerothermal Challenges in the Design of a Microfabricated Gas
Turbine Engine", AIAA 98-2545, presented at the 29 AIAA Fluid Dynamics
Conference, Albuquerque, NM, June 1998
Lawn, Brian, Fracture of Brittle Solids, Cambridge University Press, England, 2"d
edition, 1993
Lin, C.C., Ghodssi, R., Ayon, A.A., Chen, D.Z., Jacobson, S.A., Breuer, K.S., Epstein,
A.H., Schmidt, M.A., "Fabrication and Characterization of a Micro Turbine/Bearing
Rig ", presented at MEMS '99, January 1999, Orlando, FL
Lohner, K.A., Chen, K.-S., Ayon, A.A., Spearing, S.M., "Microfabricated Silicon
Carbide Microengine Structures", Materials Research Society Symposium Proceedings
Series, Vol. 546, Fall 1998
Lohner, K.A., Microfabricated Refractory Ceramic Structures for Micro
Turbomachinery, S.M. Thesis, Dept. of Aeronautics and Astronautics, Massachusetts
Institute of Technology, Cambridge, Ma, 1999
Maszara, W.P., et al, Bonding of silicon wafersfor silicon-on-insulator, Journal of
Applied Physics, Vol. 64, No. 10, 15 November 1988
McDevitt, N.T., Baun, W.L., "The three-point bend test for adhesive joints",
International Symposium on Adhesive joints: Formation, Characteristics and Testing,
K.L. Mittal Ed., American Chemical Society, Kansas City, 1982
Mehra, A., Waitz, I.A., "Development of a Hydrogen Combustor for a Microfabricated
Gas Turbine Engine", presented at Solid-State Actuator Workshop, Hilton Head Island,
SC, June 1998
Mehra, A., Waitz, I.A., Schmidt, M.A., "Combustion Tests in the 6-Wafer Static
Structure of a Micro Gas Turbine Engine", presented at Transducers '99, Sendai, Japan,
June 1999
Mehra, A., Jacobson, S.A., Tan, C.S., Epstein, A.H., "Aerodynamic Design
Considerations for the Turbomachinery of a Micro Gas Turbine Engine", presented at
the 25t National and 1 International Conference on Fluid Mechanics and Power, New
Dehli, India, December 1998
Mirza, A.R., Ayon A.A., Silicon wafer bonding: Key to MEMS high-volume
manufacturing, SENSORS, December, 1998
111
MIT Microengine Project, Micro Gas Turbine Generators and Technology Foundations
for Micro Heat Engines, 1999 Annual Review, MIT Propietary, Cambridge, Ma, 1999
Piekos, E.S., Orr, D.J., Jacobson, S.A., Ebrich, F.F., Breuer, K.S., "Design and Analysis
of Microfabricated High Speed Gas Journal Bearings", AIAA Paper 97-1996, presented
at the 28* AIAA Fluid Dynamics Conference, Snowmass Village, CO, June 29-July 2,
1997
Piekos, E.S, Breuer, K.S., "Pseudospectral Orbit Simulation of Non-Ideal Gas-
Lubricated Journal Bearings for Microfabricated Turbomachines", Paper No. 98-Trib-
48, presented at the Tribology Division of the American Society of Mechanical Engineers
for presentation at the Joint ASME/STLE Tribology Conference, Toronto, Canada,
October 1998. Also, to appear in Journal of Tribology
Ploessl, A., Kraeuter, G., Wafer direct bonding: tailoring adhesion between brittle
materials, Materials Science and Engineering, R25, Nos. 1-2, 10 March 1999
Protz, John, The Design and Development of a MEMS Silicon Micro Gas Turbine
Engine, Ph. D. Thesis, Department of Aeronautics and Astronautics, Massachusetts
Institute of Technology, June 2000
Rokhlin, S.I., "Adhesive joint characterization by ultrasonic surface and interface wave",
International Symposium on Adhesive joints: Formation, Characteristics and Testing,
K.L. Mittal Ed., American Chemical Society, Kansas City, 1982
Shulze, S., et al, Proceedings 4t International Symposium on Semiconductor Wafer
Bonding: Science, Technology and Applications, vol. 97-136
Spearing, S.M., Chen, K.-S., "Micro-Gas Turbine Engine Materials and Structures",
presented at 21" Annual Cocoa Beach Conference and Exposition of Composite,
Advanced Ceramics, Materials and Structures, January 1997
Timoshenko, Gere, Mechanics of Materials, 2 "d Ed, Van Nostrand Reinhold Co., New
York, 1972
Tong, Q.-Y., Goesele, U., Semiconductor Wafer Bonding: Science and Technology, John
Wiley and Sons, Inc., New York, 1" ed. 1999
Tong, Q.-Y., et al, Low vacuum wafer bonding, Electromechanical and Solid State
Letters, 1 (1) 52-53, 1998
Tsau, C., Schmidt, M.A., Spearing, S.M., "Characterization of Low Temperature, Wafer-
Level Gold-Gold Thermocompression Bonds", presented at the MRS Fall Meeting,
Boston, MA, December 1999
112
Waitz, I.A., Gautam, G., Tzeng, Y.-S., "Combustorsfor Micro-Gas Turbine Engines",
ASME Journal of Fluids Engineering, Vol. 120, March 1998
113
